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Abstract — Behavioural models for RF devices are
typically based on large-signal RF measurements. Until now,
those measurements were usually limited to single-tone
excitations. In this work, we focus on the use of multisines in
the experiment design, and, more specifically, evaluate four
types of multisine excitations with respect to their ability to
generate accurate models. From our analysis, based on
experimental results, we can conclude that a mullisine
excitation with a constant amplitude spectrum and a random
phase spectrum is the most appropriate for obtaining
accurate behavioural models.

[. INTRODUCTION

Interest in behavioural modelling has increased because
it allows for the representation of not only simple devices
such as transistors, but also of circuits, because an
equivalent-circuit model is not required. Several
behavicural modelling approaches have already been
reported in literature, e.g., [1-3]. They typically make use
of large-signal measurements that characterize the
D.U.T.’s response to single-tone excitations. Recently, we
have shown that, with regard to behavioural modelling, a
multisine excitation can replace many single-tone
excitations, and consequently that it renders the
experiment design more efficient [4]. Whereas we
focused in [4] on just one multisine type (constant
amplitude and phase spectra), the purpose of this study is
to investigate the effect of the multisine type on the
accuracy and validity range of RF behavioural models.
Related considerations have already been addressed in the
literature, although, to the authors’ knowledge, the
applications were limited to low carrier frequencies (hertz
or kilohertz range}; and the shape of either the amplitude
or phase spectrum was also investigated [5-7]. In this
work, we treat the medelling of RF devices starting from
‘real large-signal measurements [8], and we look at the
design of the amplitude and phase spectrum combined.

In this study, we consider four types of muiltisine
excitations: 3 multisine with a constant-amplitude and
constant-phase spectrum (abbreviated by CC), a constant-
magnitude and random-phase spectrum (CR), a constant-
magnitude and Schroeder-phase spectrum [9] (CS), and
finally a random-magnitude and random-phase spectrum
(RR). In an ecarlier work [10], we showed that the
envelope of the CS multisine best approximates a QPSK
digitally modulated signal. In this work, we investipate
which muitisine type is most appropriate from the
modelling point of view. '

In Section II, we review our state space modelling
approach, and discuss the importance of the multisine
type. Results from measurements on an amplifier are
presented and analyzed in Section IfI, followed by
conclusions in Section IV,

II. STATE SPACE COVERAGE BY MULTISINES

We developed a behavioural modelling method that
makes use of the time-domain format of vectorial large-
signal measurements [3,4]. The principle is that a two-
port RF device, that exhibits no long-term memory
effects, can be described by the dynamical equations

L) = [V V)V (V3.0 ), dyo) )y (1)
and
Lit) = LIV )V )V () V() 4y Eg)), (2)

with I{t) the terminal curremts, and F{t) the terminal
voltages. The superscript dots denote (higher-order) time
derivatives. An alternative to the above equations would
be to express the scattered travelling voltage waves b; and
b, as functions of the incident waves &, and «,, and the
necessary derived state wvariables (such as the time
derivatives of @; and a;).

The purpose is to determine the number of required
state variables, and subsequently the functions fi(.) and
JA.). The former can be accomplished by techniques
based on the false-nearest-neighbour approach [3]. The
latter is a function-fitting problem by which an analytical
formulation is selected, e.g., attificial neural networks
{ANNSs), whose parameters are found by optimisation [4].

The first step in the modelling process is to collect the
data from measurements. In Ref. [4], we presented an
approach to efficiently handle multisine data in time-
domain representation. In order to evaluate and compare
the four multisine types considered, we carried out an
experiment by which we kept the total incident average
voltage across the modulation bandwidth constant for the
four considered cases. The number of tones was nine, the
RF carrier frequency was 800 MHz, and the offset
frequency between the tones was 200 kHz. We applied
these excitations to an off-the-shelf amplifier and
measured the voltages and currents at both the input (port
1) and output (port 2). The time-domain waveforms of
VA1) are shown in Fig. | for the four cases. One IF period
is plotted, which encompasses many RF periods (on the
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nanosecond scale). We notice that only one situation of
the random CR and RR cases is considered. Although the
instantaneous values might vary due to the actual values
of the random variables, the trends are maintained.

From Fig. 1, we notice that the CC case reaches high
amplitudes, although for a short time period. In the CS
case, the maximal voltage is moderate, and this value is
reached by the majority of the RF periods. In the CR
case, the maximal voltage swing is moderate as well, but
we have a better variation in maximal/minimal values that
are reached over the RF periods. In the RR case, the
maximal voltage value is higher again, but also the
maximal/minimal amplitude is quite small over a
considerable number of RF periods. The importance of
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Fig. 1.
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Fig. 2.
CS (top right), CR (bottom left) and RR (bottom right).

these RF amplitude variations will become clear in the
following.

Note that in our medelling approach, the relationships
expressed by equations (1) and (2) are determined over a
state space range that is representative for the D.U.T. As
the main state variables in our formalism are the terminal
voltages, we plot the covered (V) state spaces for the
four cases in Fig. 2. Here we plot the time-domain
waveform of V,(f) as a function of the time-domain
waveform of ¥;(#). Plotting these waveforms would result
in a big black spot due to the high number of required
sample points needed to meet the Nyquist criterion. Thus,
we sample the IF period equidistantly in time and
consider one RF period at each of these samples [4].
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Measured F{z) for the four muitisine types: CC (top left), CS (top right), CR (bottom left), and RR {bottom right).
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(¥1,¥;) coverage (in [ V]), representied by 20 RF periods, comresponding to an equidistantly sampled IF period: CC (top left),
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Table 1. Measured results and corresponding absolute differences between predictions by the four models and measurements, and
this for by and b, at 800.0 MHz and at 800.8 MHz. The excitation is a large-amplitude 17-tone CS multisine.

MAG PHASE
Meas. Abs. errors [dB] by model case: Meas. Abs. errors (deg.) by model case:
[dBm] CC C8 CR RR [deg.] CcC CS CR RR
b, sos.0arz -24.39 0.18 -0.02 -0.24 0.04 107.59 -0.65 -0.12 -0.27 -0.05
by soo.st -24.10 017 -0.18 -0.17 -0.12 164.89 -0.11 0.63 0.08 0.57
b, 500 oarmz 0.93 -0.04 -0.09 -0.05 -0.06 -82.95 -0.08 -0.64 -0.51 -0.48
B3 so0.sa71 1.02 -0.15 -0.13 -0.16 -0.14 -26.88 1.17 0.88 0.62 0.54

Table 2. Measured results and corresponding absolute differences between predictions by the four models and measurements, and
this for b; at 799.0991 MHz. The excitation is a large-amplitude 17-tone CS multisine.

MAG PHASE
Meas. Abs. errors [dB] by model case: Meas. Abs. errors (deg.) by model case:
[dBm] CC CS CR RR [deg.] CC [ CR RR
D3 790 peosamz -40.91 5.92 2.68 0.59 0.25 -131.64 21.20 -11.96 11.67 33.84

Table 3. Measured results and corresponding absolute differences between predictions by the four models and measurements, and
this for b; and b, as measured at 800.0 MHz and 800.8 MHz. The excitation is a low-amplitude 17-1one CS multisine.

MAG PHASE
Meas. Abs. errors [dB] by model case: Meas. Abs. errors (deg.} by model case:
[dBm] CC CS CR RR [deg.] CC CS CR RR
by s00.onrz -34.07 -0.13 -0.04 0.01 -0.03 83.08 0.62 0.05 -0.23 0.04
by so0 5352 -34.12 -0.07 0.02 0.07 0.04 113.14 -0.02 <01k -0.69 -0.33
b3 80006z -8.54 0.04 -0.09 -0.01 -0.05 -108.79 -0.15 0.99 0.37 0.72
b so0 smips -8.43 -0.10 -0.16 -0.08 -0.12 -79.46 1.60 1.50 0.39 .78

Table 4. Measured results and corresponding absohute differences between predictions by the four models and measurements, and
this for b; and b, as measured at 800.0 MHz and 800.8 MHz. The excitation is a phase-detrended 17-tone CS multisine.

MAG PHASE
Meas. Abs. errors [dB] by model case: Meas. Abs. errors (deg.) by model case:
[dBm] CC cs CR RR [deg.] CC cs CR RR
by sp0.0nez -24.39 0.18 -0.02 0.03 0.04 -141.68 -0.58 .17 -0.29 -0.06
b1 so0.snpz -24.10 0.17 -0.17 -0.17 -0.12 -98.80 -0.15 0.61 0.08 .56
b so0.0MFE 0.93 -0.07 -0.09 -0.05 -0.06 27.78 -0.06 -0.21 -0.50 -0.50
b2 s00 82 1.02 -0.15 -0.11 -0.16 -0.14 69.42 1.23 0.90 0.62 0.54

From the plots, we can deduce that the (¥;,V:) coverage
of the CC case is the largest, and that of the CS case is the
smallest. We notice however only few RF trajectories
towards the extreme voltage values in the CC case
because, as indicated above, the larger values are reached
over only a small part of the IF period. When considering
the other cases, we observe that the smaller voltage values
are not as well covered in the CS case and there is a ‘gap’
in the RR case. We could cover those sections better by
changing the excitation conditions, but for the
compariscn we choose to keep the total average input
voltage constant. As a result, we conclude that the CR
coverage looks the best for the experimental conditions
considered. In the next Section, we will show how this
observation propagates to modelling accuracy.

iIl. BEHAVIOURAL MODELLING RESULTS

After collecting the measured data, we constructed a
behavioural modef for the off-the-shelf amplifier
according to the four cases, using the procedure described
in [4]. Its basic principle is that the model is a composite
set of models, one corresponding to each RF trajectory.
The overall model’s representation is an artificial neural
network with one hidden layer.

To check the models” accuracy, we compare mode!
predictions to measurements that are different from the
ones used in the modelling process. The test excitation
was a 17-tone multisine signal with an offset frequency of
100 kHz and with a constant amplitude and Schroeder
phase spectrum. Note that we checked separately that the
selected ofi-the-shelf amplifier exhibits no or very little
long-term memory effects. Table 1 lists the differences
between predictions and measurements of the waves b;
and £; at two of the fundamental tones (800.0 MHz, at the
center of the band, and 800.8 MHz, at the edge). Table 2
lists the &, results at an intermodulation product
frequency. The corresponding b, results are not shown,
because the values are very small {below —60 dBm}).

From these tables, we can deduce that the model
predictions are close to measured values. Since
differences in model predictions for the fundamental
tones are small, we mainly focus on the comparison of the
intermodulation product results in Table 2. The CR and
RR cases both predict the magnitude well, but the phase
prediction of the RR case deviates from the measurement.
The CC case performs worst in terms of the magnitude.
To explain this, we have to take into account the (V,V3)
area as covered by the models (Fig. 2). The instantaneous
F; and ¥, values of this 17-tone experiment (not shown)
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vary respectively between —0.5 V and 0.65 V, and
between —1.6 V and 1.7 V. From Fig. 2 we notice that this
corresponds well with the ranges covered by the CR and
RR models. The CS model gets extrapolated towards the
extreme-voltage values, while the CC model gets
interpolated, due to its few trajectories, and subsequently
less training information, near the extreme values of the
area covered by this experiment. From this analysis, we
can conclude that there is a clear correlation between the
accuracy of the models and how the state space is covered
{dense or sparse). Since the trajectories of the CR case
are the most uniformly spread as compared to the other
cases, this multisine type yields the best overall model.
Even though the phases are distributed randomly, we
expect that this uniform spread will be maintained,
especially for greater numbers of tones. On the other
hand, pointing out the multisine type that yields the worst
model is not straightforward because this depends
strongly on how the excitation at which the models get
evaluated ‘populates’ the state space.

The results of a second example are summarized in
Table 3. This time, the models are evaluated with a low-
amplitude 17-tone CS excitation. The instantaneous V,
and V, voltage values vary respectively between -0.2 V
and 0.2 V, and between —0.55 V and 0.6 V. As this area is
well covered by the CC and CR cases, their predictions
are very good. The CS and RR results are very similar,
although these models get interpolated to a greater
degree. The density of their trajectories is apparently
sufficient such that the evaluation of the ANN on points
in between trajectories still yields highly accurate results.
No intermodulation product results are listed, because
their levels are very low (below -60 dBm).

The data presented above were RF calibrated but not
phase de-trended. This means that there is still an
unknown delay between the signal source and the
reference plane of interest that shifts the position of the
signal envelope over time. By applying the method
developed in [11], this unknown delay can be estimated,
and all measured data can be corrected accordingly. As a
result, the maximum of the signal envelope could be, for
example, aligned to time zero. Since the correction
ensures that the interrelationships between all signals are
maintained and that the state space coverage remains
identical, this phase de-trending process should not affect
the modelling. This is confirmed by Table 4 which
represents the same case as Table 1, but with the different
models now evaluated with a phase-detrended 17-tone
excitation. As expected, there is no noticeable change in
the predicted amplitude values; moreover, the models
manage to predict the corrected phases with a similar
accuracy as in the ¢ase of the non phase-detrended data.

TV. CONCLUSIONS

We compared four multisine excitation types with
respect to their ability to yield accurate RF behavioural

models. We have shown that there is a clear correlation
between the model accuracy and how the state space is
covered {(dense or sparse). For the experimental
conditions considered, the RF trajectories of the multisine
with a constant amplitude and random phase specirum are
the most uniformly spread, and so this multisine type
yields the best overall model. Finally, we can conclude
that the multisine type that is most appropriate for
approximating digitally modulated excitations is not
automatically also the best candidate to be used in
experiment design for model building.
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